ABSTRACT: TOR (target of rapamycin) is a serine/threonine kinase, evolutionarily conserved from yeast to human, which functions as a fundamental controller of cell growth. The moderate clinical benefit of rapamycin in mTOR-based therapy of many cancers favors the development of new TOR inhibitors. Here we report a high-throughput flow cytometry multiplexed screen using five GFP-tagged yeast clones that represent the readouts of four branches of the TORC1 signaling pathway in budding yeast. Each GFP-tagged clone was differentially color-coded, and the GFP signal of each clone was measured simultaneously by flow cytometry, which allows rapid prioritization of compounds that likely act through direct modulation of TORC1 or proximal signaling components. A total of 255 compounds were confirmed in dose−response analysis to alter GFP expression in one or more clones. To validate the concept of the highthroughput screen, we have characterized CID 3528206, a small molecule most likely to act on TORC1 as it alters GFP expression in all five GFP clones in a manner analogous to that of rapamycin. We have shown that CID 3528206 inhibited yeast cell growth and that CID 3528206 inhibited TORC1 activity both in vitro and in vivo with EC 50 's of 150 nM and 3.9 μM, respectively. The results of microarray analysis and yeast GFP collection screen further support the notion that CID 3528206 and rapamycin modulate similar cellular pathways. Together, these results indicate that the HTS has identified a potentially useful small molecule for further development of TOR inhibitors.
T arget of rapamycin (TOR) proteins are Ser/Thr protein kinases phylogenetically conserved from yeast to man.
1−3
Yeast possesses two TOR proteins that function in two distinct protein complexes, TOR complex 1 (TORC1) and TOR complex 2 (TORC2). TORC1 is sensitive to rapamycin and promotes protein synthesis and other anabolic processes, while inhibiting autophagy and other catabolic and stress-response processes.
3 TORC2 is largely insensitive to rapamycin and appears to regulate spatial aspects of growth, such as cell polarity. 4 While there are currently no known TORC2 specific inhibitors, TORC1 can be specifically inhibited with rapamycin, which has been used to characterize the TORC1 pathway in both mammals and budding yeast. 2 With the aid of rapamycin, the yeast TORC1 pathway has been extensively investigated (see the comprehensive review on yeast TORC1 in ref 3). Numerous distal readouts of the yeast TORC1 pathway and distinct signaling branches that are regulated by TORC1/ rapamycin have been identified in budding yeast, including (1) the RTG signaling pathway mediated by Rtg1p/Rtg3p that activates genes required for biosynthesis and homeostasis of glutamate and glutamine; 5−8 (2) the nitrogen-discrimination pathway (NDP) mediated by Gln3p that activates genes enabling cells to import and catabolize poor nitrogen sources under nitrogen limitations; 9, 10 (3) the stress-response pathway mediated by Msn2p/Msn4p that regulates the transcription response to a wide range of stressors; 11 and (4) signaling that controls translation, such as ribosomal protein synthesis, translation initiation, and mRNA turnover. 12, 13 TORC1 regulates gene expression in these pathways mainly by controlling translocation of the transcription factors. The downstream effectors or substrates that link TORC1 activity to these readouts are not well understood. So far, only Sch9p kinase and Tap42p phosphatase have been identified as direct TORC1 substrates that mediate TOR signaling to its distal readouts. 14, 15 More effectors and substrates need to be identified. Moreover, these signaling branches are not independent but rather engage in substantial cross-talk while also interacting with other signaling pathways, 16−18 thus constituting a complicated regulatory network. Therefore, there is an ongoing need to identify novel components and mechanisms in the TORC1 pathway as well as to isolate new chemical probes to delineate the TORC1 pathway.
The mammalian TOR cognate, mTOR has emerged as a therapeutic cancer target due to its central roles in controlling cell growth.
1 Rapamycin (or its analogues) is a first generation TOR inhibitor that has shown promising results in preclinical pharmacological studies but has not lived up to expectations in clinical trials. 1, 19, 20 New mTOR inhibitors or novel chemicals that act in concert with rapamycin would be valuable. 21, 22 Although more potent ATP-competitive mTOR inhibitors that target both mTORC1 and mTORC2 have been developed, 23−25 small molecules that selectively and potently inhibit either TORC1 or TORC2 are lacking. These molecules are anticipated as the new generation of TOR inhibitors and are likely suitable for unveiling therapeutically relevant mechanisms. 20 Budding yeast has been a useful system for high-throughput screening (HTS) and for drug target identification and mechanism discovery. 26−28 More importantly, molecules identified from yeast screens have potential for translation into higher organisms. 22, 29 Flow cytometry is a versatile highspeed cell analysis method for proteomics and systems biology. 30 HT flow cytometry (HTFC), such as HyperCyt, enables the processing of 96-or 384-well plates in as little as 3 or 12 min, respectively. It is therefore well suited for large-scale cell screening and selection applications, 31−34 such as budding yeast in suspension cell culture. Taking advantage of the yeast GFP collection, which consists of 4,159 GFP-tagged ORFs comprising 75% of the yeast proteome, 35 we identified rapamycin-responsive GFP clones and conducted a multiplexed HTFC screen to search for compounds that alter GFP expression in five rapamycin-responsive GFP clones. These five GFP clones represent the readouts of four branches of the TORC1 signaling pathway ( Figure 1A ) and allow evaluation of compound activity on multiple branches simultaneously. We sought to identify molecules that functionally mimic rapamycin with distinct structure as well as molecules selective for individual branches that could target effectors in the TORC1 pathway or interfere with other non-TOR, cross-talk signaling mechanisms. These molecules would represent new chemical tools for delineation of the yeast TOR pathway or serve as potential drug leads for mTOR-based therapies.
Here we report the screening results from the Molecular Libraries Small Molecule Repository (MLSMR) consisting of ∼320,000 compounds. We identified a small molecule CID 3528206 that alters GFP expression in all five GFP clones in a manner analogous to that of rapamycin and showed that this molecule behaved in a manner consistent with inhibition of yeast TORC1 in follow-up biochemical and cell-based assays.
■ RESULTS AND DISCUSSION
Identification of Rapamycin-Responsive Yeast GFP Clones. To determine the appropriate TORC1-regulated GFP clones for HTS, we evaluated the yeast GFP collection for rapamycin-responsive clones. A total of 106 GFP clones were identified as responsive to rapamycin in YPD media from the primary screen, and 58 clones were confirmed (Supplemental Table S1 ). GFP fluorescence was down-regulated in 18 clones and up-regulated in 40 clones. Note that all down-regulated clones encode ribosomal proteins, which is in agreement with the fact that rapamycin inhibits protein synthesis. Twenty-six of the up-regulated clones encode proteins involved in RTG, NDP, SPS, 36 and stress response pathways that are known to be regulated by the TORC1 pathway (Supplemental Table S1 ). Other rapamycin up-regulated clones encode proteins that have not yet been linked to the TORC1 pathway, including several uncharacterized ORFs (Supplemental Table S1 ). Characterization of these GFP clones may identify novel components in the yeast TORC1 pathway and may prove valuable for evaluation of compounds identified from the subsequent HTS. Since YPD medium compromised the multiplexing staining protocol (see below), we retested 96 positive GFP clones from the primary screen in SC media. A total of 50 rapamycin-responsive GFP clones were confirmed in SC media (Supplemental Table S1 ). To determine the GFP clones for yielding good Z′ (>0.5), a statistical factor to assess the quality of HTS, 37 we picked the ones that showed a robust response to rapamycin in SC media for a 3-h time-course study ( Figure 1B and data not shown). With DMSO treatment, the GFP signal in the CIT2, AGP1, MEP2, and LAP4 clones remained constant over time. With rapamycin treatment, the GFP signal in these clones increased greater than 3-fold at 3 h compared to DMSO treatment. In contrast, the GFP signal in the RPL19A clone increased steadily with DMSO treatment but remained unchanged with rapamycin treatment, resulting in a 1.5-fold decrease of the GFP signal with rapamycin treatment compared to DMSO treatment. We selected these five GFP clones, CIT2, AGP1, MEP2, LAP4 and RPL19A, representing four signaling branches of the yeast TORC1 pathway for multiplexed HTS ( Figure 1A ).
Development of a 5-Plex Strategy. Multiplexing is a powerful capability of flow cytometry and various strategies have been developed for beads as well as both fixed and live cells. 38 We created a live cell-based multiplex using "barcoding" to discriminate the different clones in the multiplex. We used Alexa Fluor 405 (Ex/Em: 400/424 nm) and/or Alexa Fluor 633 (Ex/Em: 632/647 nm) to stain the yeast cells at two levels of fluorescence intensity and then interrogated the cells for changes in GFP expression (Ex/Em: 488/507 nm). The staining scheme is shown in Figure 1C . In Figure 1D (0 h), we can readily distinguish five distinct cell populations (gates 1− 5). To test the stability of the barcode, we analyzed the stained multiplex at hourly intervals up to 4 h under normal yeast growth condition ( Figure 1D and data not shown). After 3 h incubation, these five cell populations remained distinguishable ( Figure 1D, 3 h) , and when gating on a discrete population, the resulting GFP histogram was a homogeneous population with negligible contamination from other clones. However, a distinct population (∼50%) of new-born daughter cells was generated at 3 h ( Figure 1D , 3 h, gate 6), and it dominated the culture (80%) after 4 h (data not shown). As only the stained cells (mother cells) in gates 1−5 are analyzed, too many daughter cells result in insufficient number of mother cells for data analysis. To balance the duration of compound incubation and mother cell number, we selected 3 h for HTS.
Identification of Compounds That Modulate Expression of GFP Fusion Genes. HTS was carried out in a 5-plex assay format in which CIT2, AGP1, MEP2, LAP4, and RPL19A GFP fusion clones were color-coded with Alexa Fluor dyes and evaluated simultaneously with respect to the alteration of GFP expression. Gating based on FL6 and FL8 emission distinguished the five GFP clones as shown in Figure 1D . The original screening data and the intensity of GFP signal of each clone in each well from the sample plate ML32337 are displayed in Figure 2A and B, respectively, showing the hit compound CID 3528206 in well H4. The average Z′ were all above 0.5 for each target clone (data not shown). Primary screening of the MLSMR (∼320,000 compounds) in 5-plex format resulted in the identification of 210, 51, 1682, 1090, and 982 active compounds for CIT2, AGP1, MEP2, LAP4, and RPL19A clones, respectively (Table 1) . The complete results from the multiplex screen are available on PubChem (PubChem summary AID 1908, http://pubchem.ncbi.nlm. nih.gov). A total of 255 active compounds were confirmed: 19, 19, 12, 205 , and 102 actives for the CIT2, AGP1, MEP2, LAP4, and RPL19A clones, respectively (Table 1) . We then analyzed the distribution of these 255 confirmed compounds among the five GFP clones. A total of 176 compounds selectively targeted one clone, while 79 compounds targeted multiple clones, among which 1, 2, 16, and 60 compounds altered GFP expression in five, four, three, and two clones, respectively (Table 2) . This distribution pattern suggests that we may have identified compounds that target either various signaling nodes in the yeast TORC1 pathway or target pathways engaged in cross-talk with TORC1. Notably, a large number of hits (67 in total) target both LAP4 and RPL19A clones. We observed that dozens of LAP4 hits that were statistically inactive for RPL19A in the primary single-point screen were confirmed active for the RPL19A clone in the dose−response analysis. This observation may suggest the coregulation of LAP4 and RPL19A branches.
While all of these molecules are interesting and worth pursuing, subsequent characterization and target identification remains challenging. For instance, the hits for LAP4-GFP clone may act on pathways including PKA, autophagy, stress response, and TORC1 pathways. Since it is unlikely that one can design a simple assay to clarify all these hits, we focused on the hit CID 3528206 that most likely acts on TORC1 as it alters GFP expression in all five GFP clones in an analogous manner to rapamycin. We are also characterizing the LAP4 hits to validate potential autophagy regulators (data not shown).
Purified CID 3528206 powder was obtained to confirm its activity in the dose−response assay ( Figure 2D and E). CID 3528206 increased GFP expression in the CIT2, AGP1, MEP2, and LAP4 clones and decreased GFP expression in the RPL19A clone ( Figure 2D ). Its EC 50 on all clones ranges from 3 to 13 μM. The percentage response of the clones to CID 3528206 varied from 40% to 100% compared to rapamycin ( Figure 2E ). This indicates that this small molecule represents a distinct chemical structure that may function like rapamycin ( Figure  2C ).
Compound CID 3528206 Inhibits Yeast Cell Growth but Is Not Toxic. As rapamycin arrests yeast cell growth, 39, 40 we first determined the toxicity and effect of CID 3528206 on cell growth. Compared to DMSO treatment, CID 3528206 significantly inhibited cell growth at 20 μM ( Figure 3A) . The growth inhibition caused by CID 3528206 was dose-dependent ( Figure 3B ). To test if CID 3528206 is toxic to yeast cells, we evaluated yeast viability following treatment with 30 μM CID 3528206 by a standard colony forming unit (cfu) assay ( Figure  3C ). Similar to DMSO and rapamycin treatments, greater than 90% of the cells treated with 30 μM CID 3528206 were viable at all three time points analyzed. In contrast, a 4-h treatment with the fungicidal compound amphotericin B reduced the corresponding cfu to levels below 0.5% when compared to control cells. These data indicate that CID 3528206 inhibits yeast cell growth but is not toxic at a concentration of 30 μM.
CID 3528206 Inhibits Yeast Cell Growth through Modulation of TORC1. Rapamycin inhibits TORC1 activity allosterically when complexed with Fpr1p and thus exhibits a cytostatic effect on wild-type yeast cell growth. When the downstream TORC1 effectors are constitutively active, cells can bypass TORC1 activity and resist rapamycin treatment, such as with the TORC1 bypass cells bearing SCH9 2D3E and GLN3 KO alleles. 41, 42 We tested whether the TORC1 bypass cells resist CID 3528206 treatment ( Figure 3D ). Consistent with the previous report, rapamycin inhibited wild-type cell growth but not TORC1 bypass cell growth at 0.2 μM.
41,42 CID 3528206 also inhibited wild-type cell growth but not TORC1 bypass cell growth at 30 μM, indicating that the growth inhibition effect of CID 3528206 is mediated by TORC1, and suggesting that CID a A total of ∼320, 000 compounds were screened. b A total of ∼2,500 compounds were screened in single point confirmation. A total of 613 compounds were screened in dose−response confirmation. A total of 255 hits were confirmed. 3528206 either acts, like rapamycin, directly on TORC1, or upstream of TORC1.
CID 3528206 Inhibits TORC1 in vivo and in vitro. To investigate whether CID 3528206 inhibits TORC1, we first examined the in vivo phosphorylation of Sch9p (a direct substrate of TORC1). 42 Like rapamycin, CID 3528206 caused dose-dependent dephosphorylation of the C-terminal phosphorylation sites in Sch9p ( Figure 4A ). TORC1 activity was quantified in Figure 4B , and IC 50 was calculated as 3.9 μM, which is consistent with the range of EC 50 's of all clones shown in Figure 2D . This result indicates that CID 3528206 inhibits TORC1 activity in vivo, suggesting that CID 3528206 acts on TORC1 or upstream. To ask if CID 3528206 targets TORC1 directly, we performed TORC1 in vitro kinase assay ( Figure 4C and D). CID 3528206 completely inhibited Sch9p phosphorylation at 1 μM or higher concentrations. CID 3528206 also inhibited Kog1p autophosphorylation to the greatest extent (∼70% inhibition) at 1 μM or higher concentrations. Dose− response curve-fitting showed that CID 3528206 inhibited both Sch9p and Kog1 phosphorylation with IC 50 's of ∼150 nM ( Figure 4D ). This result favors the possibility that CID 3528206 targets TORC1 directly rather than acting on its upstream components. Further identification of TORC1 mutants resistant to CID 3528206 could confirm this hypothesis. Note that the in vitro IC 50 (150 nM) is 20-fold lower than the in vivo IC 50 (3.9 μM), which may be due to cell permeability or efflux systems that result in a lower cellular concentration of CID 3528206.
Genome-Wide Comparison of CID 3528206 with Rapamycin on Yeast Gene Expression. To compare the effect of CID 3528206 and rapamycin on yeast gene expression, we performed microarray analysis using Affymetrix yeast gene chips ( Figure 5A ). CID 3528206 significantly altered the transcription of 751 yeast genes, among which 477 genes were up-regulated and 274 genes were down-regulated. Rapamycin significantly increased the transcription of 512 genes and decreased the transcription of 257 genes. Venn diagram analysis showed that 422 genes up-regulated by CID 3528206 (88.5%) were also up-regulated by rapamycin, while 217 genes that were down-regulated by CID 3528206 (79.2%) were also downregulated by rapamycin. Overall, CID 3528206 and rapamycin shared 85.1% regulated genes. Such a significant overlap in gene expression profiling indicates that CID 3528206 and rapamycin modulate similar cellular pathways. Since the mRNA levels do not necessarily reflect the protein levels, we took advantage of the rapamycin-responsive GFP clones identified in the yeast GFP collection to test whether CID 3528206 altered GFP expression in these clones ( Figure 5B ). The GFP signal in 14 out of 17 rapamycin-down-regulated clones was decreased by CID 3528206. Note that GFP expression in the other three rapamycin-down-regulated clones was also decreased by CID 3528206 to 0.67−0.72-fold, which is slightly higher than the 0.66-fold cutoff value. This result indicates that CID 3528206 down-regulated GFP expression in almost all rapamycin downregulated clones. The GFP signal in 19 out of 33 (57.6%) rapamycin-up-regulated clones was up-regulated by CID 3528206. Overall, CID 3528206 altered GFP expression in 33 out of 50 (66.0%) rapamycin-responsive GFP clones. This significant overlap is in good agreement with the microarray data and confirms the common cellular function of CID 3528206 and rapamycin.
Preliminary Structure−Activity Relationship (SAR) Exploration. To explore the SAR optimization, we surveyed 57 analogues where the substitutions were focused on four regions of the scaffold ( Figure 6A, shaded regions) . Alteration of the free primary amino substituent ( Figure 6A , green shaded region) or modification of the nitro group ( Figure 6A , blue shaded region) was not tolerated. Modest changes in alkyl substituent of the methyl amine ( Figure 6A , yellow shaded area) led to one active compound, but with an altered activity profile (data not shown). Interestingly, changes to the 3-fluorophenyl appendage ( Figure 6A , purple shaded region) afforded a set of analogues that appeared to exclusively alter CIT2 GFP expression, unlike CID 3528206, which modulated GFP expression in all five GFP clones ( Figure 6B) . Surprisingly, these CIT2 branch-selective analogues also inhibited Sch9p phosphorylation in vivo ( Figure 6B ). Due to solubility challenges with some analogues in this series (data not shown), the possible link between physiochemical properties and CIT2 branch selectivity is being investigated with the pursuit of compounds with enhanced solubility. Conclusion. In summary, the flow-cytometry-based multiplexing HTS has successfully identified a yeast TORC1 inhibitor and provided a novel scaffold for further development of TOR inhibitors. Interestingly, preliminary SAR exploration on the single chemotype identified analogues exhibiting both rapamycin-like activity and CIT2/RTG branch selective activity. Further investigation of structural and biological basis of the analogues may reveal novel mechanisms in the yeast TORC1 pathway. As the TOR complexes and signaling pathways are highly conserved, 2,3 CID 3528206 may have potential for inhibiting mTORC1 activity. Characterization of the activity of CID 3528206 in other organisms and comprehensive SAR analysis are under way to elucidate the mechanism of action of CID 3528206.
■ METHODS
Yeast Strains and Reagents. Yeast strains and plasmids used in this study are listed in Supplemental Tables S2 and S3 , respectively. The yeast GFP collection (Invitrogen) was screened as described previously. 43 The fluorescent dyes Alexa Fluor 405 and Alexa Fluor 633 as well as Pluronic F-68 were purchased from Invitrogen. Rapamycin was purchased from TOCRIS Biosciences.
Multiplexed HTS. The CIT2, AGP1, MEP2, LAP4 ,and RPL19A GFP fusion clones were grown separately overnight in 15 mL of SC media at 30°C to 0.5−1.0 OD 600 . Approximately 10 OD 600 cells were washed with PBS buffer once and resuspended in 10 mL of PBS buffer supplemented with 0.03% (v/v) Pluronic F-68. Different combinations of Alexa Fluor 405 (0, 16, 100 μL of 1 mg mL −1 DMSO stock solution) and Alexa Fluor 633 (0, 4 μL, 100 μL of 1 mg mL −1 DMSO stock solution) dyes were added to cells and incubated for 45 min at RT. Cells were washed with PBS twice and resuspended in SC media. Stained cells were combined and diluted into fresh SC media at 0.5 OD 600 . Ten microliters of mixture was added to each well in 384-well plates in the sequence below: first, 5 μL of SC media supplemented with 0.03% Pluronic F-68; second, 100 nL of compounds; third, 5 μL mixed cells. Plates were incubated at 30°C upside down for 3 h. The cells in the multiplex were interrogated for GFP expression levels using the established HTFC at UNMCMD. 44 Flow cytometric light scatter and fluorescence emission at 530 ± 20 nm (FL1), 665 ± 10 nm (FL8) and 450 ± 25 nm (FL6) were collected. The resulting time-gated data files were analyzed with HyperView software to determine compound activity in each well. A compound was considered active if the change in fluorescence was greater than 50% of DMSO-treated controls. The quality control statistic Z′ 37 for each GFP clone was calculated with the Table S1 ) were grown in SC media and treated with DMSO, 30 μM CID 3528206, or 0.22 μM rapamycin respectively for 3 h in triplicate. GFP fluorescence was measured by flow cytometry. A 1.5-fold change in fluorescence was used as the cutoff value for upregulated (red) and down-regulated (green) clones.
GFP fluorescence of rapamycin-and DMSO-treated controls. Active compounds were further confirmed in single point and dose−response analyses in a single-plex format. A counter-screen for green fluorescent compounds was also performed using a non-GFP parental strain S288c. Yeast Viability and Cell Growth Assays. Colony forming unit (cfu) assay was performed to evaluate yeast viability. BY4741 cells were treated with 1% DMSO, 0.22 μM rapamycin, 30 μM CID 3528206, or 2.5 μg mL −1 amphotericin B in triplicate for 24 h. OD 600 and cfu's were measured at 4, 7, and 24 h. Percent viability was calculated by cfu's relative to the number of cells in the culture. The TORC1 bypass (MP138-4C cell containing p1290) and BY4741 cells spot assay was performed as described previously. 41, 42 Sch9p in vitro and in vivo Phosphorylation Assays. Sch9p in vitro phosphorylation assay was performed as described previously. 41, 42 Sch9p in vivo phosphorylation assay was performed using YL515 cells containing plasmids pRS413, pRS416, and pJU1058 in the chemical fragmentation analysis as described. 41, 42 Microarray Analysis. Overnight cultures of BY4741 cells in YPD were diluted to 0.05 OD 600 and allowed to grow to 0.2 OD 600 . Cells were treated with 0.22 μM rapamycin, 20 μM CID 3528206, and 1% DMSO vehicle control in duplicate for 3 h, respectively. Cells were collected, and RNA was isolated with MasterPure Yeast RNA purification kit (Epicentre). cDNA probes were generated from total RNA and used for hybridization to yeast gene chips (Affymetrix) at Keck-UNM Genomics Resource. The RMA algorithm of Expression Consol (v1.1, Affymetrix) was used to generate and normalize signal intensities. The significant analysis of microarray (SAM) 45 was performed with a false discovery rate (FDR) of 0.1 to identify the genes whose expressions are significantly up-or down-regulated by CID 3528206 or rapamycin compared to DMSO treatment. The microarray data (Accession number GSE33320) are available at http://www.ncbi.nlm.nih.gov/geo. 
